. Acid pH limits the persistence of Rhizohirrn~ strains in soil, and the nodulation and nitrogen fixation of legumes. To identify acid-tolerant strains, we tested the ability of 45 Rhizohirrm, Azorkizohi~/nl. and BI-aclyr.Aiznhiunz strains to produce isolated colonies on agar medium of pH 4.00 to pH 7.00. Only Rhirohi~/m tr.opici UMRI 899 (=CIAT899) grew at pH 4.00 in unbuffered medium, though 6 strains of R. tropici and 3 Br.ndyr.hi:nhirrrn strains grew at pH 4.25, and 15 strains grew at pH 4.50. Tolerance to acid pH in R. tr.opici UMR1899 was not an adaptive response, nor was it plasmid mediated, correlated with the production of extracellular polysaccharide, or related to synthesis of polyamines in the cell. When UMR1899 was grown in buffered medium a1 acid pH. it maintained a ApH (measured using 3 1~-~~~) of up to 1.7 pH units. However, when this strain was subjected to acid shock, it showed only limited ability to regulate cytoplasmic pH in the short term. Cells of UMR 1899 accumulated glutamate under pH stress, and were markedly hydrophobic and resistant to the effects of crystal violet, the latter traits raising the possibility that outer membrane composition and structure could also be a factor in pH tolerance.
not always, performed better under acid-soil conditions in the field. Thus, Keyser et al. (1979) successfully identified about 65% of the cowpea strains that were symbiotically acid sensitive through their inability to grow in culture medium of pH 4.5, and Graham et al. (1982) obtained a strong response to inoculation with an acid-tolerant bean strain under conditions where inoculation with an equally effective acid-sensitive strain gave no response. Host-strain interactions at acid pH have also been reported (Howieson and Ewing 1986; Vargas and Graham 1988) .
The basis for differences in pH tolerance among strains of Rhizobiun? and Bi~uciyi~hizobi~rm is still not clear, though several workers have shown that the cytoplasmic pH of acid-tolerant strains is less affected by external acidity (Gober and Kashket 1984; O'Hara et al. 1989; Goss et al. 1990; Chen et al. 1993a, 19936) , and Aarons and Graham (1991) reported high cytoplasmic potassium levels in acid-stressed cells. Differences in lipopolysaccharide composition and in proton exclusion and extrusion (Chen et al. 19930, 19936) , and the accumulation of cellular polyamines (Fujihara and Yoneyama 1993) , have also been associated with the growth of cells at acid pH. Several groups have produced acid-sensitive Tn5 pH mutants (Goss et al. 1990; Aarons and Graham 1991; Chen et al. 19936) .
A range of inoculant cell densities and media differing in composition and buffering capacity were used in these studies, possibly influencing apparent pH tolerance (Date and Halliday 1979; Keyser and Munns 19796) . In this study we compare the relative pH tolerance of selected rhizobia and bradyrhizobia, using an agar plate method and low initial cell numbers, then study the characteristics of the most acid-tolerant strain, Rhi~obirm? ti.opic.i UMR1899 (=CIAT899), under acid stress. Several of the procedures used were modified from studies on acid pH tolerance in Sulmoi~ellu typhimui.rrrn?. In this organism acid pH tolerance is an adaptive response (Foster and Hall 1990) , accompanied by changes in hydrophobicity and tolerance to crystal violet (Leyer and Johnson 1993) .
Materials and methods
Rhizobium, Azorhizobiurn, aricl Bradyrhizobiu~n str.oirls Wild-type Rhi:ohirrrl~, Azor-l~izobilrrn, and Brocly~-l~izobi~r~~~ strains used in this study are shown in Table 1 . Many of the strains had been used in other studies and previously cited as being acid tolerant. Isolates of Agrobcrcter.irrr,~ trrnlefacierls GMI9023, harboring plasmids from Rhizobiunz tr.011ic.i UMR1026, were from the study of Martinez et al. (1987) , while the mutants of UMR1899 each cured of specific plasmids and the acid-sensitive T115 mutants of UMR1899 (UMR5005 and UMR5018) were kindly provided by Drs. C. Quinto and S.R. Aarons, respectively. All strains except UMR5005 and UMR5018 were routinely maintained on yeast extract mannitol (YEM) medium (Vincent 1970) : these two strains were grown on YEM medium with 50 p,g/mL kanamycin.
Evcrlrrntiorl qf relcrtive pH toler.nr7c.e
For the determination of tolerance to acid pH, strains were inoculated into YEM broth and grown for 48 h at 28°C. Cell density was then determined using a Petroff-Hausser bacterial counter (Hausser Scientific, Bluebell, Pa.) and adjusted to only lo3 cells/mL with sterile water. One drop (25-30 p,L) was then added to the surface of plates of modified Keyser-Munns (MKM) medium (Graham et al. 1982) , the pH of which had been adjusted after autoclaving, to values from pH 4.00 to 7.00. Five replicate plates were prepared for each pH-strain combination. Plates were incubated at 2S°C, and strains were reported as growing at a particular pH on theday when 15-30 individual colonies were discernible on all five plates. When some strains grew at pH levels less than pH 4.5, the experiment was repeated w~t h selected strains, but uslng MKM med~um buffered with either 10 mM 2-(N-morpholino)ethanesulfonic acid (MES), cis-5-norbomene-errdo-2,3-dicarboxylic acid (NEDA, Aldrich Chemical Co., Milwaukee, Wis.; p KI 4.36; pK2 7.09), or mellitic acid (Aldrich; pK4 4.44; pK5 5.50) . The effect of nitrogen source (glutamate, lysine, ammonium nitrate, omithine, y-aminobenzoic acid, citrulline, and aginine at equivalent concentration of N) on pH tolerance was also determined.
Aclal~iive shock response
To determine whether acid pH tolerance in RIri:ol~irrt~~ strains required a period of adaptation, UMR1899 and UMR1632 were evaluated for adaptation to acid tolerance by means of the procedure of Foster and Hall (1990) , with the modification that the survivors of acid treatment were plated on MKM medium.
Deter.rliiriution ofhyrltophohiciry~ici~
To determine whether acid-tolerant and acid-sensitive Rhizobirln~ cells differ in hydrophobicity, the procedure of Rosenberg et al. (1980) was used. Broth cultures (24 h) of each organism in tryptone yeast broth (TYB) were centrifuged and washed, then resuspended in MKM medium containing 10 mM MES and 10 mM HEPES, at pH values of 4.50, 5.50, 6.50, or 7.50 . Although pH 4.5 is beyond the effective buffering range of MES-HEPES, inclusion of these buffers in MKM pH 4.50 medium appeared to reduce the rate of pH change, and meant that the medium composition was the same in all cases. Cells were then grown for 6 h at 24"C, prior to treatment with hexadecane.
Resisfnrice fo crystnl violet
The procedure used was that of Leyer and Johnson (1993) , with crystal violet treated cells plated onto YEM agar and counted after 4 days incubation at 28°C.
Polysaccl~ar.irle pr.odrrciiori
Polysaccharide production was determined using the procedure of Cunningham and Munns (1984) .
Cl~ar~acie~~i:otior~ qf cellulnr. li~~o~~olysacchar.ide.~ Cells were prepared, subjected to SDS-PAGE, and silver stained as described by Cava et al. (1989) .
Clrrmse errid gl14tnr)late metnbolisni
Cells of UMR1899 and UMR1632 were grown ovemight in TYB medium (Sambrook et al. 1989) , centrifuged, and washed in phosphatebuffered saline, then resuspended in a medium derived from MKM, but with glucose as the energy source in place of glycerol. The medium contained 10 mM MES and 10 mM HEPES, as mentioned above, at pH values of 4.5, 5.5, 6.5, or 7.5 . Initial inoculant density was 5 X lo8 cells/mL. Cells were incubated at 2S°C, with samples taken at 30-min intervals and evaluated for intracellular and extracellular glucose and glutamate concentrations. Glucose concentrations were determined using the glucose oxidase Trinder assay (Sigma Chemical Co., St. Louis, Mo), while glutamate concentrations were determined using a method modified from that of Botsford and Lewis (1990) and employing bovine glutamate dehydrogenase and acetylpyridine dinucleotide.
Pnlyan~ir~e /~r.od~rctiori ~rrider. ncid str.es~
To determine if polyamine production was a factor in the acid tolerance of UMR1899, cells of UMR1899 and of the acid-sensitive strain UMR1632 were grown ovemight in MKM medium, pH 7.0, aseptically centrifuged, and washed, then reinoculated into MKM medium containing 10 mM HEPES and 10 mM MES at pH values of 4.5, 5.0, 5.5, 6.0, or 7.0 . Cells were incubated ovenlight on a rotary shaker at 25°C. Fifteen-millilitre amounts were centrifuged, washed once in phosphate-buffered saline, and extracted overnight in 2 mL 0.4 M perchloric acid (Ponappa et al. 1992) , and then centrifuged. and the supernatant was stored at -20°C until assayed. Cell extracts were dansylated using the procedure of T. Ponappa (personal communication) . For this procedure, 0.2 mL of the perchloric acid extract was amended with 0.4 mL of a solution containing 5 mg/mL dansyl chloride in acetone and with 0.2 mL saturated sodium carbonate, then briefly vortexed. The mixture was incubated in a shaking water bath for 60 min at 60°C, then 0. l mL of 100 mg/mL proline was added, Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by Ohio State University on 03/01/13
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Rlzizol~ilrnl loti 3018 NZP20 14' "Previously identified as acid tolerant by Varyas and Graham (1988) . "~r e v i o u s l~ identified as acid tolerant by Graham et al. (1982) . 'Previously identified ;IS acid tolerant by Dr. J. Cooper (personal communicnuon). "~r e v i o u s l~ identified as acid tolerant by Howieson et al. (1988) . 'Previously identified as acid tolerant by Cooper et al. (1985) . '~r e v i o u s l~ identified as acid tolerant by Keyser and Munns (19790) . "Previously identified as acid tolerant by Keyser and Munns (19791) For personal use only.
and the cells were incubated for a further 30 min at 25°C. Toluene (0.5 mL) was added, the mixture was briefly vortexed, and the dansylated polyamines were removed in the organic phase. The dansylated polyamines were subjected to thin-layer chromatography (TLC) in cyclohexane:ethylacetate (5:4) , with production of specific polyamines determined by the exposure of the gels to uv light. Results using TLC were confirmed using high-performance liquid chromatography (HPLC) and the procedure of Slocum et al. (1989) .
Deren?zitzotiotz ofc.ytoplasmic pH
Cytoplasmic pH determinations were made using both 3 '~ nuclear magnetic resonance (NMR) spectroscopy and fluorescent intracellular pH probes.
For 3 1~-~~~, 100 mL MKM broth culture was centrifuged, washed aseptically in fresh unbuffered MKM medium, and then resuspended in 1 L MKM medium containing 10 mM HEPES, 10 mM MES, and 3 mM dipotassiuln hydrogen phosphate, at pH values from 4.5 to 7.5. The cells were incubated overnight on an incubator shaker at 25OC, then centrifuged, washed in fresh MKM medium, and resuspended at 10" cells/mL in MKM medium containing 3 mM phosphocreatine. Cells were maintained aerated, but on ice until shortly before use. and in each case the pH of the solutions used to wash and resuspend the cells was the same as that used to culture them. "P-NMR spectra were determined using a 5-T magnet NMR imaging system, with a 40-cm bore, and a frequency of 87.127 MHz. Repetition rates of 1-4 s were used. For experiments in which the effects of pH change were measured, cells were prepared as above, but were grown and resuspended in unbuffered MKM medium of pH 7.25. Following initial 3 '~ measurements at pH 7.25, the cells were shocked by adding predetermined quantities of 0.1 M HCI, with subsequent cytoplasmic pH measurements made at intervals of as little as 45 s, for periods of up to 1 h thereafter. Cytoplasmic pH values were determined from the chemical shift of the inorganic phosphate peak relative to that of phosphocreatine. and by reference to a calibration curve prepared with uninoculated medium of known pH.
Cytoplasmic pH determinations were also made using 5-carboxyfluorescein diacetate (CFDA) and 2',7'-bis(carboxyethy1)-5(6)- analysis, but resuspended to a concentration of 5 X lo8 cells/mL in MKM medium of pH 4.00 to pH 7.50 containing 10 mM MES and 10 mM HEPES, plus CFDA or BCECF-AM to lop5 M. Cells were incubated for 30 min at 28OC, then their fluorescent intensity was determined on a Perkin Elmer LS5B luminescence spectrometer using excitation wavelengths of 450 and 490 nm and an emission wavelength of 525 nm. For cells treated with CFDA or BCECF-AM, cytoplasmic pH was calculated from the ratio of fluorescent intensity at 490:450 nm (Graber et al. 1986) , and relative to the absorbance of similarly treated solutions of MKM of known pH. When cells of UMR1899 were shown to have only a limited ability to regulate cytoplasmic pH in the short term, an additional study to confirm this finding was undertaken. Cell suspensions of UMR1899 were prepared as described above, then suspended in buffered MKM medium, pH 6.0-6.7, and incubated for 120 min at 28OC in the presence , . .. . :. , . . . of 0-25 mM salicylic acid (Slonczewski et al. 1987 (Martinez et al. 1987) , were evaluated for pH tolerance as detailed above.
This point was further studied using UMR5005 and UMR5018, twoTnS pH mutants of UMR1899 from the study of Aarons and Graham (1991) . Each shows a reversion frequency to pH tolerance of less than 1 in lo8, with reversion always associated w~th loss of kanamycin resistance. Cells of these organisms were grown overnight in TY medium with 50 p,g/mL kanamycin, then plasmid DNA was separated using in-well lysis and agarose gel electrophoresis (Eckhardt 1978; Rosenberg et al. 1982) . DNA prepared from the plasmid pSUP2021 (Simon et al. 1986 ) and biotin-labelled Hir~dIlI-digested h DNA were included as standards on each gel. Gels were blotted onto nylon 66 plus (Southern 1975 ) and hybridized with the 3.31-kb internal TnS fragment from HindIII-digested pSUP2021, which had been nick translated in the presence of biotin-labelled dATP (~~-(~-biotin~l-6-aminohex~l)-2'deox~adenosine 5'-triphosphate). The BRL Blugene nonradioactive nucleic acid detection system (Bio-Rad Laboratories, Gaithersburg, Md.) was used to detect TnS insertions. Within-species differences in p H tolerance were generally consistent with those reported earlier (Keyser and Munns 1979a, 19796; Cooper et al. 1985; Howieson et al. 1988 ). The exception was that strains of R. tropici were at least as tolerant to acid p H as were the Bradyrhizobium strains tested. We believe that irrespective of the method of tolerance involved, the ability of an isolated cell to grow and produce an individual colony in medium of a particular pH must be the most rigorous test of acid tolerance possible. It is noteworthy that no strain of Rhizoblum etli, Rhrzobiunz leguminosar~um, Rhizobium meliloti, o r Azor.hizobiut77 grew at p H 4.5 under the conditions of this test, and that the acid-tolerant R. tneliloti isolates identified by Howieson et al. (1988) proved to be only slightly more acid tolerant than other members of this species. Howieson (1985) used M E S to buffer media used in the identification of acid-tolerant strains of R. meliloti. U nfortunately, M E S is only an effective buffer from pH 5.5 t o pH 6.7, while several alternative buffers (i.e., citrate o r glutamate) may be metabolized by rhizobia. Because our initial studies included pH values outside the effective buffering range for MES, they were undertaken without buffers. Mallette (1967) suggested N E D A and mellitic acid as effective buffers i n medium of pH 4.5. In a supplementary study undertaken with a subset of strains, neither substance proved to be an effective buffer at this pH. NEDA had little effect on the minimum pH f o r growth of Br~adyrhizohiunz strains, but markedly inhibited growth of Rhizobilrtn strains at low pH, while cells incubated with mellitic acid showed poor growth at p H 5.5 and 6.5, though the growth of acid-tolerant strains at pH 4.5 and 5.0 was similar to that obtained in the absence of buffer (data not included).
Results and discussion
Similarly, there was no effect of any N source used on growth in medium of p H 4.50, though when ammonium nitrate was used in place of glutamate, the p H of the medium declined even further.
The acid p H tolerance in R. tr.opici did not appear to be a n adaptive response, as 58% of UMR1899 cells survived exposure to pH 3.3 without prior adaptation, whereas less than 0.001% of R. etli UMR 1632 cells survived this treatment even after aperiod of adaptation at pH 5.8. significance, and attempts to obtain further collections are warranted. The screening of nodule ~solates for growth at pH 4.5 might provide a simple test by which putative strains of R. ti.opici could be selected for further study. Tolerance to acid pH in R. ti.opicl does not appear to be plasmid mediated. Loss of individual plasmids from UMRI 899 did not significantly change the pH range for growth of this strain, though reduced polysaccharide production did increase the time taken for visible colony detection (Table 2) . Similarly, the ability of Agi~obac~tei~ium runleficieils GMI9023 to grow at pH levels less than 4.75 was not enhanced by the transfer to it of plasmids from the acid-tolerant R ti-opici UMR1026. Further, when Southern blots of plasmid preparations made from the two Tn5-containing pH mutants of UMR1899 were probed with a 3.3 1-kb HiildIII-digested T n 5 fragment, there was no hybridization to plasmid DNA. Richardson et al. (1988) reported loss of the clover Synl plasmid without change in pH tolerance, while A. Glenn (personal communication, 1993) found pH-tolerance genes in R. n~eliloti to be located on the chromosome. Chen et al. (1991) constructed a more efficient acid-tolerant strain by first curing R. leg~lnziizosaiun~ bv. trijolii of its symbiotic plasmid, then transferring to it the plasmid of a more efficient nitrogenfixing strain. Loss of a second plasmid in this strain did affect pH tolerance to some degree, perhaps through changes in lipopolysaccharide structure (Chen et al. 19936) .
Extracellular polysaccharide (EPS) production has previously been correlated with acid pH tolerance in bean rhizobia (Cunningham and Munns 1984) and Bt.ady,%lizohiun~ strains (International Institute of Tropical Agriculture 1980, 198 l), but not in R. Ieg~~n~inosui~crm bv. ti.ijolii (Chen et al. 19936) . In the present study, strain UMR1899, and a variant of this strain lacking the plasmid needed for EPS production showed the same pH range for growth (Table 2) . Further, cells of UMR1899 showed decreased ability to produce EPS at acid pH, their production declining from 3 10 mg dry mass of EPS/L at pH 7.5 to essentially 0 mg dry mass/L at pH 4.5. A light flocculent precipitate was recovered from ethanol-treated cultures of UMR1899 at pH 4.5 but this cross reacted serologically with antiserum to UMR 1899 somatic antigen, and in SDS-PAGE gave banding patterns typical of R. tr-opici lipopolysaccharide (data not shown). Kannenberg and Brewin (1989) and Sindhu et al. (1990) each reported surface antigens of R. legun~inosarunz affected by pH. Calcium is needed for cell wall integrity in Rlzizobi~lm strains (Vincent and Colbum 1961; Vincent and Humphrey 1968) and is involved in the response of R. nfeliloti to pH stress (Howieson et al. 1992; Tiwari et al. 1992 ). Accumulation of lipopolysaccharide in low pH medium might result from incomplete synthesis of the outer membrane, and studies are underway to further examine this possibility.
We undertook a number of studies to identify traits that could contribute to acid pH tolerance in UMR1899. In the majority of these we also tested the response of the acid-sensitive R. etli strain UMR1632. Our justification for using this strain in preference to either of the two pH-sensitive T n 5 mutants from the study of Aarons and Graham (1991) was twofold: (i) we will use UMR1632 in experiments to transfer pH tolerance into other species of Rhizobiun~, and (ii) pH-sensitive T n 5 mutants are likely to differ from the wild type in only a single trait, whereas a number of different traits may contribute to acid pH tolerance, as shown below.
When cells of UMR1899 were grown in buffered MKM medium of pH 4.50-7.00 they demonstrated a capacity for long-term regulation of cytoplasmic pH, measured by both "P-NMR and fluorescence methods, with a ApH of up to 1.70 pH units (Fig. 1) . This was in contrast to the response of the acid-sensitive strain UMR1632, in which the cytoplasmic pH declined rapidly as the medium pH was reduced (Fig. l) , and soon passed beyond the portion of the "P-NMR calibration curve at which chemical shift and cytoplasmic pH showed a linear relationship. For this reason it is likely that the cytoplasmic pH values for cells of UMR1632 grown at pH 6.0 or less significantly overestimate the true cytoplasmic pH. Surprisingly, UMR1899 showed only a limited capacity for the short-term regulation of cytoplasmic pH. Thus, when cells were grown, washed, and resuspended in medium of pH 7.25, but then subjected to acid shock, there was a marked drop in cytoplasmic pH, with little recovery in less than 30 min. Figure 2 shows results with "P-NMR; results were similar when BCECF-AM was used. Again, the acid-sensitive strain UMR1632 showed little ability to regulate cytoplasmic pH.
The cytoplasmic pH values obtained in this study and the response to pH change are each less than those reported by other workers (Tremblay and Miller 1983; Kashket 1984, 1985; O'Hara et al. 1989) . At least two factors could have contributed to this result. (i) In this study an energy source was included in the growth medium, and may have generated additional acid loading for the cells, (ii) Buffers were not included in the culture medium of any cell preparation to be used Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by Ohio State University on 03/01/13
For personal use only. for pH shock experiments. Previous studies have assumed that such buffers are not taken up by bacterial cells, but uptake of the Good buffers by procaryotic organisms has been reported (Ferguson et al. 1980) , and these buffers may have provided additional buffering capacity within the cell. The limited ability of UMR1899 to regulate cytoplasmic pH in the short term was further evident in the significant pH drop shown with both UMR1899 and UMR 1632 following the uptake and intracellular disassociation of salicylic acid (Fig. 3) .
MEDIUM pH
Because of the limited ability of UMR1899 to modify cytoplasmic pH in the short term, we sought metabolic changes that could contribute to the ability of UMR1899 to tolerate acid cytoplasmic pH, or permit longer term recovery from pH stress. Aarons and Graham (1991) reported higher potassium levels in cells of UMR1899 following exposure to acid pH. Since glutamate can act as a counter ion for potassium (Booth and Higgins 1990) and has been identified as a compatible solute in osmotically stressed rhizobia (Yelton et al. 1983; Chien et al. 1992) , it is not surprising that elevated glutamate levels were found in our studies. Thus, concentrations of cell glutamate in UMR1899 were higher than in UMR1632 at all pH levels, but at pH 4.5 were further increased, reaching levels as much as three tiines greater than the values obtained with this strain at pH 7.5 (~i~. 4a). There was no similar response in UMR1632. Glucose accumulation by cells of UMR 1899 was also affected by acidity, and paralleled the data obtained for intracellular glutamate (Fig. 4h) our finding that R. tropic/ UMR1899 has only limited ability to regulate cytoplasmic pH in the short term.
Recent studies in Escl1er.ichia coli have emphasized the role of lysine decarboxylase in the acidification response (Slonczewski 1992; Watson et al. 1992) . Because of these studies and a recent report of enhanced polyamine synthesis by Rhisobilrm cells subjected to acid and osmotic stress (Fujihara and Yoneyama 1993) , we undertook studies of polyamine production in UMR1899 and UMR1632 as a function of culture pH. Results are shown in Fig. 5 . As reported by Hamana et al. (1990) both UMR1899 and UMR1632 cells contained putrescine, cadaverine, and spermidine or homospermidine, but surprisingly it was the acid-sensitive UMR 1632 that showed greater product~on of polyamines at acid pH. It appears from our results that polyamine production in UMR1632 is a consequence of pH stress, rather than a factor in recovery.
While the deposition of lipopolysaccharide in cultures of UMR1899 that were grown at pH 4.5 and the possibility that lipopolysaccharide incorporation into the cell wall is interrupted at acid pH would argue against the involvement of lipopolysaccaride in the acid pH tolerance of R. tr.ol,ici UMR1899, other outer-membrane components may contribute to the greater pH tolerance of this strain. Thus, when vortexed in hexadecane, UMR1899 cells proved to be highly hydrophobic with 19-25% of cells excluded from the aqueous phase, irrespective of the pH at which the cells were grown. By contrast, less than 1% of UMR1632 cells were not recovered in the water phase. The absence of a pH effect in this study is in contrast with results from Salnzonella whinllr~ r~wl (Leyer and Johnson 1993) , and again suggests that pH tolerance in UMR 1899 is not an adaptive response. Similarly, cells of UMR1899 showed significantly greater tolerance to crystal violet (Fig. 6) . The greater hydrophobicity of UMR1899 and its tolerance to crystal violet, a compound whose uptake is affected by the penneability of the outer membrane, indicate that the outer membrane of this organism may play a part in pH tolerance, as reported for acidadapted cells of S. tyl~hinzul.iun~ by Leyer and Johnson (1993) .
This study shows that R. tropici strains are a source of pH tolerance in the rhizobia, and provides a precise methodology by which such tolerance can be evaluated. Identification of UMR1899 as a highly acid-tolerant strain opens the way for more detailed genetic and physiological studies of acid pH tolerance in Rhizohiunz strains and for an evaluation of hostRhizohi~rnl sp. interactions at acid pH. The identification of glutamate as a compatible solute in acid-stressed cells and the demonstration that cell membrane differences could influence pH tolerance deserve further study. Acid-shock proteins have been identified in UMR1899 (Aarons and Graham 199 l) , and several clone banks of this organism are available (Vargas et al. 1990; Milner et al. 1992 ) and could be used for genetic studies on pH tolerance. Rapid advances in our understanding of pH tolerance in the rhizobia are therefore possible, and could lead to significant developments in the resolution of pH stress as a factor limiting nodulation and nitrogen fixation in Phaseolus vu1gal.i~.
